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Towards a
229
Th-based nuclear clock
Lars von der Wense · Benedict Seiferle · Peter G. Thirolf
Abstract An overview over the current status of the
development of a nuclear clock based on the state of
lowest known nuclear excitation energy in 229Th is pre-
sented. The text is especially written for the interested
reader without any particular knowledge in this field of
research. It is thus ideal as an introductory reading to
get a broad overview over the various different aspects
of the field, in addition it can serve as a guideline for fu-
ture research. An introductory part is provided, giving
a historic context and explaining the fundamental con-
cept of clocks. Finally, potential candidates for nuclear
clocks other than 229Th are discussed.
1 Introduction
1.1 The history of time measurement
During the evolution of time keeping devices, timekeep-
ers were developed which technologically differ from
each other in the maximum imaginable way. However,
despite these differences, the abstract underlying princi-
ple remained unchanged. What is required for all clocks
is a physical package that exhibits oscillatory or contin-
uous changes and acts as a time giving device. Further,
some mechanism is used which counts the number of os-
cillations or measures the changes and translates them
into a time value.
Already in historic cultures the measurement of time
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was an important tool for science and society and any
improvement in the ability of time measurement was
followed by technological advances. In ancient times
mostly shadow clocks and sundials were used, both tak-
ing advantage of the highly stable earth rotation for
time measurement, however revealing only limiting read-
out precision [1]. Later, water clocks were developed
and used in parallel to sundials. Here the constant flow
of water is the time-giving process that allowed for
higher read-out precision which is independent of the
movement of celestial bodies, however also less stable
and accurate than the earth rotation, thereby leading
to larger inaccuracies than sundials. At the same time
also fire clocks were used in China and candle clocks
in European monasteries. First mechanical clocks were
developed in the 13th century using a foliot in combi-
nation with a verge escape for time measurement and
operated mostly in churches. These clocks were inaccu-
rate by at least 15 minutes per day and required ad-
justment on a daily basis [1].
The first accurate mechanical clocks were pendulum
clocks as developed by Christian Huygens in 1656, pro-
viding an error of less than 1 minute per day and later
less than 10 seconds per day [2,3]. In 1675 Huygens
also developed the first portable pocket watches that
were based on the spiral spring mechanism. For cen-
turies, pendulum clocks remained the most accurate
clocks and were constantly developed. Important im-
provements were implemented by John Harrison, who
invented a pendulum clock achieving 1 second accuracy
in 100 days and who also solved the longitude problem
by developing the most accurate marine chronometer
[4]. The most accurate pendulum clock ever built is the
Shortt-Synchronome free pendulum clock developed in
1921 [5]. It achieves an accuracy of about 1 second per
year and was the first clock being more accurate than
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the earth rotation itself. Between the 1920s and 1940s,
the Shortt clocks were operated in many countries as
the most precise timekeeping devices.
Pendulum clocks were outperformed in the 1940s by
quartz clocks. The first quartz clocks, built already in
1927 by Joseph Horton and Warren Marrison, provided
an accuracy of 10−7, corresponding to about 1 second in
4 month and therefore significantly less than the Shortt
pendulum clock [6]. The oscillation of a quartz clock is
based on the piezo-electric effect and no macroscopic
mechanical motion is required for timekeeping, which
is a technological advantage over mechanical pendulum
clocks and led to accuracies approaching 10−9 in the
1940s [6]. This accuracy was much better than even the
best mechanical pendulum clocks that were for this rea-
son mostly substituted by quartz crystals.
The age of the atomic clocks began in 1949, when Harold
Lyons built the first ammonia maser at the National
Bureau of Standards in the US [7]. Developing an atomic
clock had already been suggested 4 years earlier by
Isidor Rabi [8]. In an atomic clock the frequency of
light that corresponds to a certain energy difference
between atomic shell states is used for time measure-
ment. The first atomic clock was a proof-of-principle
device and less accurate than the quartz clocks at that
time. However, improvements led to the development of
an accurate cesium standard by Louis Essen and Jack
Parry in 1955 at the National Physical Laboratory in
the UK, providing an accuracy of 10−9 [9]. Due to tech-
nical improvements, the accuracy of atomic clocks en-
hanced significantly in the following years, approaching
10−13, corresponding to 1 s in 300,000 years in the mid
1960s [10]. This led in 1967 to the decision to redefine
the second to be 9,192,631,770 times the period of the
133Cs ground-state hyperfine transition. Previously the
second was still defined based on the earth rotation. A
further important improvement in time measurement
was made in the end of the 1980s, when laser cooling
allowed for longer interrogation cycles of the atomic
beams, leading to the development of atomic fountain
clocks with accuracies in the 10−16 range [11].
The next technological step was largely driven by the
development of the frequency comb in 1998, that al-
lows for direct measurement of frequencies in the optical
range, five orders of magnitude larger than previously
possible [12]. This improvement was immediately ap-
plied for the development of single-ion optical clocks.
The first clock of this type was presented in 2001 and
was a single-ion 199Hg+ clock, providing a fractional
frequency instability of 7 · 10−15 measured in 1 second
of averaging [13]. In the meantime a multitude of single-
ion optical clocks were developed and are operated in
metrology institutes around the world [14]. A 2008 com-
parison of two single-ion optical clocks revealed a frac-
tional frequency uncertainty of 5.2 · 10−17 [15] and in
2016 the operation of a single ion Yb+ optical clock
at 3 · 10−18 frequency uncertainty was reported [16].
In parallel, also optical lattice clocks were developed.
These clocks are based on neutral atoms instead of ions,
providing the advantage that no Coulomb interactions
between individual particles are present, which results
in high achievable densities when atoms are stored in
an optical lattice, thereby significantly increasing statis-
tics. By today optical lattice clocks are the most accu-
rate clocks in the world, approaching a total frequency
uncertainty of 10−18 [17,18]1.
1.2 Quality of clocks
Independent of the exact process of time measurement,
there must be way how to compare the quality of dif-
ferent clocks. The quality of a clock will depend on var-
ious factors, however, there are two quantities which
play the most important role when discussing the qual-
ity of clocks: Accuracy and stability. Quite generally,
the accuracy describes how much a measured value dif-
fers from the correct value. In the context of time mea-
surement, two different accuracies have to be distin-
guished: The accuracy of the actual time measurement
and the frequency accuracy of the clock. The time accu-
racy (usually just referred to as ”accuracy”) expresses
how much a clock deviates from the actual time and
is given in relative units, e.g. if a clock deviates by
1 second from the correct time, 24 hours after it was
synchronized with the correct time, the clock has an
accuracy of 1 second per day, or 1.1 · 10−5. The defi-
nition of accuracy requires the comparison with a time
value that is said to be ”correct”. In contrast, the fre-
quency accuracy (usually referred to as the ”systematic
frequency shift”) is a measure for the frequency devia-
tion of a real oscillator to the ideal value. If the ideal
frequency of an oscillator is given as ω0, the real oscil-
lator will most likely exhibit a systematic shift leading
to a real frequency ωreal = ω0(1+ ǫ). Here ǫ denotes the
systematic frequency shift.
If many clocks of the same type were compared, each
clock can be expected to possess a slightly different
systematic frequency shift, leading to a distribution of
frequency shifts. The size of this distribution will be
the larger, the more sensitive the clock reacts to ex-
ternal perturbations. For this reason, the uncertainty
in ǫ, usually referred to as the ”systematic frequency
1 Addendum: In 2018 an Yb optical lattice clock with a
total frequency uncertainty of 1.4 · 10−18 was reported [19].
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uncertainty” is an important parameter for the qual-
ity of a clock. In case that the ideal oscillator value ω0
would be set as a standard used to define the correct
time, the systematic frequency uncertainty would be a
measure for the time accuracy that could on average
be achieved with the type of oscillator. This is the case,
because one can correct for the systematic frequency
shift ǫ up to its uncertainty. The remaining value will
then lead to an unavoidable deviation of the frequency
used for time measurement to the ideal frequency and
thus to a continuously growing error in time measure-
ment, which equals the time accuracy. For this reason,
the total systematic frequency uncertainty is often re-
ferred to as the clock’s accuracy.
The stability of a clock is a measure for statistical fluc-
tuations that occur during the frequency measurement.
If the ideal frequency is denoted with ω0, the measured
frequency will in general be time dependent in accor-
dance with ωmeas(t) = ω0(1 + ǫ + y(t)). Here y(t) is
called the frequency noise and the variance of y(t) is
a measure for the stability of a clock. The variance is
given as the Allan variance σ2y(τ), which is defined as
the comparison of two successive frequency deviations
for a given sampling period τ . More exactly, we have
σ2y(τ) = 1/2〈(y¯n+1 − y¯n)2〉, with y¯n as the nth frac-
tional frequency average over the sampling period τ .
For current atomic clocks, the best Allan deviations
σy(τ) that can be achieved are limited by the quantum
projection noise (QPN) and are given by [14]
σy(τ) ≈ 1
Q
√
T
Nτ
. (1)
Here Q = ω/∆ω is the quality factor of the resonance,
T the time of the interrogation cycle (which cannot ex-
ceed 1/∆ω), N the number of irradiated atoms and τ
the sampling period. For the most stable atomic lattice
clock, an Allan deviation of 2.2 ·10−16/√τ for 1 s inter-
rogation cycle and thus close to the QPN limit was re-
ported [18]. A total frequency uncertainty of 2.1 · 10−18
was achieved. The clock parameters for this strontium
lattice clock are Q = 2 · 1014 and N ≈ 2000. The best
single-ion clock currently in operation (171Y b1+ E3)
provides a total frequency uncertainty of 3 · 10−18 and
an Allan deviation of 5 · 10−15/√τ (T = 1 s, Q ≈ 1023,
N = 1) [16]. The calculated QPN limit is 10−23, signif-
icantly below the obtained value. The difference origi-
nates from an extremely small natural linewidth of the
transition in the nHz region, which is drastically smaller
than the bandwidth of any laser available for excitation.
For this reason the stability is not limited by the tran-
sition linewidth, but instead by the bandwidth of the
laser light and only limited advantage is gained from
the extremely small natural linewidth of the transition.
2 The idea of a nuclear clock
2.1 Advantages of a nuclear clock
Although the accuracy that is achieved by the best
atomic clocks today is already stunning, approaching
10−18 corresponding to an error of 1 second after 3 ·
1010 years, significantly longer than the age of the uni-
verse, it is reasonable to ask if it is possible to push the
limits further. The performance of optical lattice clocks
is by today mostly limited due to the influence of ex-
ternal perturbations like electric and magnetic fields. A
natural way of improving clock performance would be
to use nuclear transitions instead of atomic shell transi-
tions for time measurement. Conceptually, nuclear tran-
sitions provide three advantages (see also Ref. [20]):
1. The atomic nucleus is about 5 orders of magnitude
smaller than the atomic shell, which leads to signifi-
cantly reduced magnetic dipole and electric quadrupole
moments and therefore to a higher stability against ex-
ternal influences, resulting in an expected improved ac-
curacy and stability of the clock. 2. The transition fre-
quencies are larger, thereby in principle allowing for
small Allan deviations. 3. The nucleus is largely un-
affected by the atomic shell, for this reason it is in-
triguing to develop a solid-state nuclear clock based on
Mo¨ssbauer spectroscopy. Such a solid-state clock could
contain a high density of nuclei of about 1014 mm−3,
thus leading to much improved statistical uncertainties
when compared to atomic lattice clocks providing about
104 atoms.
Generally, two different classes of nuclear clocks can be
considered: (1) Solid-state nuclear clocks that make use
of laser-based Mo¨ssbauer spectroscopy and would have
the advantage of a high density of nuclei, leading to high
statistics, but may eventually suffer from line broad-
ening effects and (2) single-ion nuclear clocks, which
provide drastically lower statistics, but for which the
environmental conditions could be by far better con-
trolled. The operational principles very much resemble
those of atomic optical lattice clocks and atomic single-
ion clocks, except that the atomic transition is replaced
by a nuclear transition.
2.2 γ decay versus internal conversion
There is one difference which slightly complicates the
discussion of nuclear clocks compared to atomic clocks:
While for atomic transitions only one decay channel of
the excited states enters the discussion, namely radia-
tive decay via emission of a photon, nuclear transitions
may exhibit more relevant decay channels. The most
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important ones in this context are radiative decay (γ
decay) and internal conversion (IC). During the inter-
nal conversion process the nucleus couples to the atomic
shell, transferring the excited state’s energy to an elec-
tron, which is subsequently emitted into the continuum.
The fraction of IC compared to γ decay is called the in-
ternal conversion coefficient and usually denoted as αic.
Typically, IC is even the dominant decay channel of ex-
cited nuclear states with low energy, long lifetime and
large atomic number. The possibility of IC leads to a
shortening of the excited state’s lifetime and thereby
to a line broadening, which is unwanted when consider-
ing clock performance. Also care has to be taken when
calculating nuclear excitation probabilities, as only the
linewidth corresponding to the radiative decay rate en-
ters the calculation. Thus nuclear states that appear to
have a rather short lifetime might still have a negligible
excitation probability if the internal conversion coeffi-
cient is large.
One possibility to reduce the IC decay branch of a nu-
clear transition is to increase the charge state of the
considered ion. For nuclear excited states of low en-
ergy, there exists a certain charge state for which the
ionization potential of the ion starts to exceed the en-
ergy of the nuclear state. If this is the case, the ex-
cited state’s decay does not provide sufficient energy to
lead to further ionization and the IC decay is energeti-
cally forbidden. Note, that this will lead to an increased
lifetime of the nuclear state and, correspondingly, to a
smaller linewidth of the transition. It will, however, not
result in an enhanced excitation probability of the nu-
clear state, as this value is connected to the radiative
decay rate, which remains unaffected from a reduced
IC decay rate. Even when considering low-energy nu-
clear states, the suppression of the IC decay channel
would typically require the use of highly-charged ions.
One example is the low-energy state 205mPb (2.3 keV,
24.2 µs, E2), where the lifetime of 24.2 µs is rather
low considering a potential application for a nuclear
clock. The IC coefficient is however large, with a value
of α ≈ 4.4 · 108 and from Pb46+ onwards the IC decay
channel can be expected to be energetically suppressed,
leading to a drastic prolongation of the lifetime to up
to 104 s, thus in principle providing a good candidate
for a highly-charged-ion nuclear clock. For solid-state
nuclear clocks, the ionization potential has to be re-
placed by the material’s band gap, however, there is
practically no overlap of the energy range of band gaps
with the nuclear energy scale. For this reason there is
no hope for the suppression of the IC decay channel in
the solid-state nuclear clock concept (229mTh provides
an exception in this context).
2.3 What makes 229mTh unique
By today, there is a major obstacle that prevents the
development of a broad variety of nuclear clocks. This
is that even energies of several keV, corresponding to
wavelengths of 1 nm and below, are considered as low-
energy transitions on nuclear energy scales and by to-
day the frequency-comb technology has not been suffi-
ciently extended into the x-ray region in order to drive
most of the nuclear transitions. As the frequency comb
technology is a young and fast improving field of tech-
nology, one might expect that the availability of fre-
quency combs in the energy range of a few keV with suf-
ficient intensities to drive nuclear transitions and thus
to allow for high-precision Mo¨ssbauer spectroscopy is
just a matter of time. In the meantime, however, the
research on nuclear clocks has to focus on a single nu-
clear state providing an extraordinary low energy of
only about 7.8 eV above the nuclear ground state. This
is the first excited state of 229Th, denoted as 229mTh,
where the superscript m stands for metastable and ex-
presses that a comparatively long lifetime for this state
is expected. To give an impression on the scarcity of
nuclear states of such low energy: There is only one
further nuclear state known with an energy of less than
1 keV above its nuclear ground state, which is 235mU,
providing an energy of about 76 eV. This isomeric state,
however, does not allow for the development of a nu-
clear clock, due to its extremely long radiative lifetime
of 3.8·1022 s, which is about 100,000 times the age of the
universe, not allowing for any significant laser coupling.
For this reason, 229mTh is by today the only realistic
candidate for the development of a nuclear frequency
standard. In the following only 229mTh will be consid-
ered. A discussion of future nuclear clock candidates is
provided in the outlook.
3 229mTh for time measurement
3.1 Early research on 229mTh
In the 1970s, detailed measurements of the γ-ray spec-
trum accompanying the 233U α decay were performed.
233U is a radioactive isotope with a half-life of 159,000 years,
decaying to 229Th. The measured spectra revealed some
features which could only be explained if the existence
of an excited nuclear state in 229Th close to the ground
state was assumed. The decay of this excited state to
the ground state could, however, not be observed, which
was attributed to a low excitation energy. The excita-
tion energy was then inferred to be less than 100 eV,
purely based on the non-observation of the ground state
decay in 1976 [21]. While this discovery generated only
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little excitement at that time, measurements that were
aiming for improved energy constraints continued. In
1990 the energy was constrained to −1±4 eV, using dif-
ferences of γ rays of higher energy, which led to the con-
clusion that the energy must be almost certainly below
10 eV [22]. This measurement was further improved,
resulting in an energy value of 3.5± 1 eV published in
1994, which was for a long time the most accepted en-
ergy value [23].
In 2007, however, a new result of an indirect energy
study of 229mTh was published by Beck et al., leading
to a corrected energy value of (7.6 ± 0.5) eV [24]. In
their work they used a newly available microcalorimet-
ric x-ray spectrometer with a resolution of ∼ 30 eV for
γ-ray spectroscopy of the 233U decay. The isomeric en-
ergy value was further improved in 2009 to (7.8±0.5) eV
by the same group [25]. This remains until today to be
the most accepted value for the isomeric energy.
The correction of the energy value from 3.5 eV to 7.8 eV
allows to explain why early experiments had failed to
observe any direct isomeric decay signal. Firstly, an en-
ergy of 7.8 eV corresponds to a wavelength of about
159 nm emitted in the decay to the ground state, which
is deep in the vacuum-ultraviolet region and poses spe-
cial requirements for the applied optical system. But
even more importantly, the new energy value is above
the first ionization potential of thorium of 6.3 eV, mak-
ing internal conversion to become the dominant de-
cay channel of the isomeric state in neutral thorium
atoms. A calculation performed by F.F. Karpeshin and
M.B. Trzhaskovskaya in 2007 revealed that an internal
conversion factor of α ≈ 109 has to be expected for
the isomeric state in neutral thorium, leading to a life-
time shortening by the same factor to about 10 µs [26].
All except one experiments at that time had searched
for a radiative decay of the isomeric state in neutral
thorium atoms, which can be considered has hopeless,
given the corrected energy value (see Ref. [27] for a de-
tailed review). The only experiment that had searched
for an IC decay channel was performed in 1995 by O.V.
Vorykhalov and V.V. Koltsov and was not sensitive to
short lifetimes [28]. For this reason it was not surpris-
ing that searches for a direct observation of the nuclear
transition had been unsuccessful and a new series of ex-
periments was started, aiming for a direct detection of
229mTh.
3.2 The 229Th nuclear clock proposal
The observation of a nuclear excited state of only a
few eV above the ground state immediately attracted
some attention from the scientific community. Already
in 1991 a theory paper appeared, predicting an increas-
ing interest of physicists from other disciplines like ”op-
tics, solid-state physics, lasers, plasma and others”, dif-
ferent decay channels and lifetimes were discussed in de-
pendence on the transition energy [29]. In a 1996 paper
of E.V. Tkalya et al. a list of potential applications is
provided, which also contains the potential for the ”de-
velopment of a high stability nuclear source of light for
metrology” [30]. While this proposal does not include
the development of a nuclear clock based on 229Th, it
contains a hint pointing at an expected high stability.
A few years later also the decay of 229mTh in solid state
materials was discussed [31].
On this basis, a 229mTh nuclear clock was proposed in
2003 by E. Peik and C. Tamm, shortly after the devel-
opment of the frequency-comb technology, which for the
first time allowed precision laser spectroscopy in the op-
tical region [32]. This paper contains both nuclear-clock
concepts: A clock based on Th ions as well as a solid
state nuclear clock.
229mTh, besides being an excited nuclear state of ex-
traordinary low energy, possesses a lifetime correspond-
ing to its radiative decay channel of expectedly about
104 s [33,34]. This leads to a large quality factor of the
corresponding resonator of ω/∆ω ≈ 1020 and a small
absolute bandwidth of 10−4 Hz in case that IC is sup-
pressed. The ground and isomeric states have spin and
parity values of 5/2+ and 3/2+, respectively, leading
to a multipolarity of M1 of the isomer-to-ground-state
transition, which results in a sufficiently large cross sec-
tion to allow for direct laser excitation. Further, the
ground state of 229Th has a half-life of 7932 years, which
makes it relatively easy to handle moderate quantities
of the material. All properties are requirements for the
development of a 229Th-based nuclear clock.
In their 2003 nuclear clock concept Peik and Tamm
proposed to perform nuclear laser spectroscopy with
229Th3+ [32]. The 3+ charge state was proposed be-
cause it possesses a favorable electronic configuration
with a radon-like core and one valence electron, ex-
hibiting a closed 3-level Λ system and a closed 2-level
system, which can be employed for laser cooling. Due
to the small magnetic dipole and electric quadrupole
moments of the nucleus, the direct coupling of external
perturbing fields to the nucleus are negligible. However,
shell-nucleus coupling via the hyperfine interaction still
has to be considered as a potential source of perturba-
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tions. One of the central ideas of the 2003 nuclear-clock
concept is that one could choose an excited state of the
electronic shell in a way that the combined quantum
numbers of shell plus nucleus are ”good” in a sense that
the entire system provides lowest sensitivity to external
perturbations [20]. It was shown that the metastable
7s2S1/2 shell state in Th
3+ with 1 s lifetime would be
an appropriate choice. In this way, perturbing effects
due to the linear Zeeman effect, the tensor part of the
quadratic Stark effect and atomic quadrupole interac-
tions could be avoided. Further, as no shifts can play
a role which are entirely dependent on the electronic
quantum numbers, no shifts from static electric fields,
electromagnetic radiation or collisions have to be con-
sidered, leading to the proposal of a highly stable nu-
clear clock. The population of the nuclear excited state
could be monitored by making use of the change of
the nuclear spin state, resulting in a different hyperfine
structure of the cooling transitions (double-resonance
method). It was also suggested that even a solid-state
nuclear clock could be realized, if 229Th was embedded
into a material providing a band gap larger than the
nuclear isomer’s energy, for which (3.5± 1) eV was the
assumed value at that time [20,32].
This pioneering nuclear clock concept, besides promis-
ing to lead to an extraordinary stable clock, has two
disadvantages [35]: (1) The quadratic Zeeman effect
cannot be suppressed and is estimated to be 1 kHz at
0.1 mT, which is comparable to usual atomic clocks. (2)
The concept requires to excite the 229Th3+ ions into the
7s2S1/2 atomic shell state, which possesses 1 s lifetime
(instead of the expectedly ∼ 104 s lifetime of the nu-
clear isomer) and will thus lead to a reduced quality
factor of the resonance.
A more recent proposal by C. Campbell et al. aims at a
solution of these problems [35]. Here the idea is to use a
pair of stretched nuclear hyperfine states for the clock
transition, while 229Th3+ remains in its 5f2F5/2 elec-
tronic ground state. A careful analysis of the expected
systematic uncertainties of a corresponding 229Th3+ single-
ion nuclear clock was performed, resulting in an ex-
pected total uncertainty approaching 10−19, thereby
potentially outperforming all existing atomic-clock tech-
nology [35]. The development of a nuclear clock based
on 229Th ions is currently envisaged by three groups in
the world, with more eventually to follow [36,37,38].
The concept of a solid-state nuclear clock based on
Mo¨ssbauer spectroscopy of 229mTh, as first proposed in
Ref. [32], was further developed by two groups [39,40].
A long-term fractional frequency accuracy of 2 · 10−16
has been predicted for this device [39], with a fractional
instability approaching 10−19 [40].
4 Constraining the transition energy
The development of a 229Th-based nuclear clock re-
quires direct laser excitation of the isomeric nuclear
state. However, due to the narrow radiative bandwidth
of the nuclear transition of expectedly only 10−4 Hz,
the laser-nucleus interaction is weak and improved con-
straints on the transition energy are required as a pre-
requisite for the nuclear laser excitation of 229Th ions in
a Paul trap. Up to today it was not possible to constrain
the isomeric energy value sufficiently in order to allow
for the development of a nuclear clock. For this reason
major experimental investigations are continued, aim-
ing for a reduction of the uncertainty of the 229mTh en-
ergy value. Except for a few experiments, most of the
experimental concepts are making use of a direct de-
cay detection of the isomer-to-ground-state transition
for constraining the transition energy. As the isomeric
decay can occur via two decay channels, experiments
that are aiming for a direct detection of 229mTh can be
divided into two groups: (A) Experiments aiming for
the detection of a radiative decay channel and (B) ex-
periments looking for an internal conversion (IC) decay
channel of the isomeric state. Both of these groups can
be further subdivided by the way chosen for the iso-
mer’s population, which could either be done by (1) a
natural decay branch from a mother nuclide or (2) an
excitation from the 229Th ground state. Besides that,
there are a few experimental concepts planning to de-
termine the energy via indirect methods (C). All types
of experiments will be discussed individually in the fol-
lowing.
4.1 Experiments searching for a radiative decay
4.1.1 Isomer population from a natural decay branch
There are two natural decay branches from mother nu-
clides into the 229Th isomeric state: One via the α de-
cay of 233U, where the isomer is populated by 2% and
the other via the β decay of 229Ac, which populates
the isomeric state to expectedly 13.4%. Most of the ex-
periments that have so far been conducted are making
use of the 2% population branch from the 233U α de-
cay. The dominant reason is that 229Ac has a half-life
of about 63 min only (as opposed to 233U with a half-
life of 1.6 · 105 years), and has to be continuously pro-
duced with the help of accelerators. Besides that, the
233U α decay transfers larger momentum to the 229Th
nucleus, thereby allowing to separate the 229Th recoil
nuclei from the source material, which provides a major
advantage for background reduction.
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Several types of experiments were performed, in which
the 2% decay branch in the α decay of 233U was em-
ployed in order to populate the 229Th isomeric state.
In one class of these experiments, 229Th α-recoil ions,
emerging from a large-area 233U source, are implanted
into a catcher foil consisting of a large band-gap ma-
terial. As the IC is expected to be suppressed due to
the large band gap, the isomeric decay is probed in the
radiative decay channel. In case of success, the isomeric
energy could be probed via optical filters or VUV spec-
trometers. Experiments along this line were performed
at the PTB in Germany [37], at the Lawrence Liver-
more National Laboratory (LLNL) in the US [41] and at
the Los Alamos National Laboratory (LANL), US [42].
Only the last group reported a successful direct obser-
vation of 229mTh, however, the result has been stated
doubtful [43]. Problems of this approach are a poten-
tially large non-radiative decay channel and strong back-
ground signals originating from radioluminescence.
An improved proposal based on the same concept was
presented by our group at the Ludwig-Maximilians-
University Munich, Germany in 2013 [44]. Here it was
the idea to thermalize the 229Th α-recoil ions originat-
ing from the 233U decay with the help of buffer gas
and to form an isotopically pure 229Th ion beam, be-
fore implanting the ions into a large band-gap material.
This concept has the advantage of a drastic reduction of
background radioluminescence and an increased signal-
to-background ratio of expectedly up to 104, due to
a nearly point-like implantation region, which allows
for the application of a highly efficient optical focus-
ing system. In case of a successful observation of light
emitted from the isomeric decay, the energy could have
been probed by optical filters or via spectroscopy. How-
ever, no radiative decay signal was observed, which can
clearly be attributed to an unsuccessful suppression of
the IC decay channel [27].
A different approach was proposed in 2013 at LANL
and further developed at the TU Vienna [45,46]. Here
it is the central idea to grow 233U into a suitable host
crystal and 229Th is implanted from the 233U α de-
cay directly into the bulk material of the crystal. It
is searched for a potential radiative decay channel of
the isomeric state. The energy could again be probed
with the help of filters or spectrometers. Experiments
along this line are still in progress, however, so far no
signal originating from 229mTh could be observed. Po-
tential reasons are a large non-radiative decay channel
and background originating from radioluminescence.
Very recently, a proposal was put forward to also in-
vestigate the 13.4% decay channel from the β decay of
229Ac [47]. It is the idea to produce 229Ac in form of
an isotopically pure ion beam at ISOLDE (CERN) and
implant the ions into a large band-gap material. The
229Ac lifetime of 63 min allows to anneal the material
to make sure that actinium is properly embedded into
the crystal lattice. Due to the low momentum trans-
ferred in the β decay, 229Th will occupy the same place
in the crystal and the IC decay channel of the isomer is
expected to be suppressed, allowing to detect the radia-
tive isomeric decay channel with the help of an efficient
focusing system, as soon as the 229Ac activity has suffi-
ciently faded away. In case of successful observation of
the radiative decay, the isomeric energy could be deter-
mined by making use of filters or VUV spectroscopy.
It can be expected that a non-radiative decay channel
and background radioluminescence caused by the 229Ac
β decay will pose major challenges to this concept.
4.1.2 Isomer population from the 229Th ground state
While the direct nuclear laser excitation of 229mTh ions
in Paul traps is not yet feasible, a different concept
for laser excitation of the isomeric state was proposed,
making use of the so-called inverse electronic bridge
(IEB) effect [48]. In the IEB process, an atomic shell
state is excited by laser light and couples to the nu-
cleus. The nucleus is then excited with some probabil-
ity during the decay of the atomic shell state. Light, as
subsequently emitted during the nuclear isomeric decay,
should be observable. Experiments along this line have
been performed at the PTB in Germany [49], at Geor-
gia Tech in the US [50,36] and are in preparation in the
framework of the Moscow collaboration in Russia [38].
In the Georgia Tech experiment it is possible to also
detect the isomeric state’s population via the change
of the hyperfine structure, which can be probed by the
cooling lasers [36]. A more precise determination of the
energy could be obtained either by using filters or by
varying the frequency of the laser used for electron exci-
tation. The experiments have so far been unsuccessful,
major obstacles are uncertain IEB nuclear excitation
rates, a broad energy range required to be scanned and
low expected signal rates.
A different approach for the determination of the 229mTh
energy was proposed in 2010 [39]. Here the idea is to
dope large band-gap materials with a high concentra-
tion of 229Th. The obtained crystals are then irradi-
ated with broad-band light sources to excite the nu-
clear transition. It is searched for light as expected
to be emitted during the isomeric decay. The achiev-
able 229Th densities of above 1013 mm−3 are sufficient
to lead to significant absolute numbers of excited nu-
clei even for moderate spectral energy densities of the
light source. In case of a successful detection, the en-
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ergy could be probed with the help of filters or VUV
spectrometers. Experiments along this line were per-
formed by the University of California in the US [51]
and are in preparation at the Technical University of
Vienna, Austria [52]2. Unfortunately, no light emitted
from the isomeric decay could so far be observed. The
reason is most likely a significant non-radiative decay
branch, which leads to a loss of signal intensity. Ma-
jor challenges are photoluminescence and radiolumines-
cence effects of the crystals.
Results of a similar experiment, in which 229Th was
not deposited in a crystal but instead on the surface
of a large band-gap material and irradiated with syn-
chrotron radiation, were reported [54]. No light signal
originating from the isomeric decay could be observed,
which is most likely due to an unsuccessful suppression
of the IC decay channel.
It was also proposed to excite the 29 keV state of 229Th
in doped crystals by synchrotron radiation [55]. This
state decays into 229mTh, for which a subsequent pho-
tonic decay should be observable. A similar experiment
was already reported in 2005 [56]. Photoluminescence
and radioluminescence as well as loss of isomeric signal
due to non-radiative decay channels will pose major
challenges.
4.2 Experiments making use of IC decay
4.2.1 Isomer population from a natural decay branch
The experiments described above are aiming for an ob-
servation of the isomeric decay in the radiative decay
channel. However, since 2007 it is known that the iso-
meric state will strongly (by a factor of about 109) favor
the IC decay if energetically allowed [26]. Any detection
of a photon emitted during the isomer’s deexcitation
will therefore require the suppression of the IC decay
by a factor of about a billion, which can be expected
to pose a considerable experimental challenge. Instead
of trying to suppress the IC decay, it is intriguing to
use this channel for probing the isomeric decay. Sur-
prisingly few experiments were following this path of
research, although already proposed in 1991 [29].
One early experiment aiming for the detection of an IC
decay channel was performed in Russia and published in
1995, but was not sensitive for short lifetimes [28]. More
recently, a class of experiments was performed at LLNL
in the US, thereby probing the huge lifetime range of 13
orders of magnitude between 4 ·10−8 s and 2 ·105 s [41].
2 Addendum: Recently a first measurement from this group
was reported [53].
In one of these experiments, 229Th α-recoil ions were
implanted into a catcher foil and electrons, emitted af-
ter the implantation, were observed by an MCP detec-
tor. The detection was triggered in accordance with the
233U α decays. Although providing the potential for the
direct detection of 229mTh, no IC decay signal was ob-
served. The reason is subject to speculation and might
be a too deep implantation depth of the 229Th recoil
ions, thereby hindering the IC electrons from efficiently
leaving the catcher foil3.
Only recently our group changed the direction of re-
search from the observation of a radiative decay chan-
nel, as originally aimed for but proven unsuccessful [27,
44], to the investigation of an IC decay. In these ex-
periments we were making use of our isotopically pure,
low-energy 229Th ion beam as produced from the α de-
cay of 233U by thermalization in a buffer gas. Instead
of implanting the ions into a large band-gap crystal, we
accumulated them with low kinetic energy directly on
the surface of an MCP detector. During this process
the ions neutralize, thereby triggering the isomeric IC
decay. Subsequently, the low-energy electrons emitted
in this process are detected by the MCP detector. This
experiment has finally led to the direct detection of the
229mTh decay [58]. Based on this direct decay signal,
the 229mTh half-life in neutral thorium could be deter-
mined to be about 7 µs [59], well in agreement with the
theoretically predicted value [26]. It is now envisaged
to determine the isomer’s energy by conversion-electron
spectroscopy [58]. By making use of a magnetic-bottle
type retarding-field spectrometer, it should be possi-
ble to significantly pin down the isomeric energy value
[60]. An alternative approach could be to use a mi-
crocalorimeter for energy determination [61].
4.2.2 Isomer population from the 229Th ground state
To the best of our knowledge there is no evidence for
experiments reported in literature that have aimed to
excite the nuclear isomer from the 229Th ground state
and to detect the isomer’s deexcitation via the IC de-
cay channel. Such experiments would form a whole new
group, as the excitation could be performed in various
ways. There are several ideas on how to excite the iso-
meric state from the 229Th ground state. The first idea
is to use light for the isomer’s direct excitation. Due to
the low isomeric cross section, such experiments require
a large number of nuclei as long as the energy has not
been further constrained. Other ways that have been
proposed for excitation of the isomer are: (1) Excitation
3 Addendum: Results of a similar experiment were reported
in 2018 [57]. Also here no electrons originating from the iso-
meric decay could be securely identified.
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in a laser-produced plasma [29] (2) using the electronic
shell as a bridge [30] (3) via excitation of the 29 keV
nuclear state by synchrotron radiation, which will sub-
sequently decay to the isomer [55,56], (4) by electron
beam irradiation [38] and (5) via surface plasmons [62].
An experiment of this type would even allow for direct
laser excitation of 229mTh in a solid sample without the
requirement of an improved knowledge of the isomer’s
excitation energy and has the potential to pin down the
isomeric energy to a fraction of an eV. The experimen-
tal concept is to perform laser-based conversion electron
Mo¨ssbauer spectroscopy (CEMS) by irradiating a thin
229Th layer with tunable and pulsed VUV laser light
[63]. As the spectral energy density of individual laser
pulses is relatively large, a significant number of nuclei
could be excited into the isomeric state during each
individual laser pulse. Under these conditions the iso-
meric decay would securely occur by IC with a half-life
of 7 µs. The detection of the IC electrons emitted from
the sample could be triggered in coincidence with the
laser pulses in order to drastically improve the signal-
to-background ratio. A calculation reveals that, using a
laser of 10 GHz bandwidth for scanning, it could be pos-
sible to scan the large energy interval of 1 eV within a
few days, obtaining a signal-to-background ratio of 104
in case of resonance with the nuclear transition. Be-
sides representing a first direct nuclear laser excitation
scheme for 229mTh, such an experiment would allow to
ultimately pin down the energy with sufficient preci-
sion to also allow for laser excitation of 229Th in Paul
traps and thus for the development of a single-ion nu-
clear clock. Further, the concept could also allow for
the development of a solid-state nuclear clock based on
CEMS [27]. Experiments along this line are currently
in preparation.
4.3 Indirect experiments for 229mTh energy
determination
There are few approaches that aim for an improved en-
ergy value without the requirement of a direct detection
of the isomeric decay. One idea is to repeat the mea-
surement which was performed by Beck et al. in 2007
and has led to the currently accepted energy value of
(7.8 ± 0.5) eV [24,25]. Within the past 10 years the
technology of microcalorimeters has drastically evolved
and spectrometers with an energy resolution of about
3 eV are now available [64]. No conceptual restrictions
for this experiment exist and the only challenge is to
develop a calorimetric detector optimized for the nu-
clear excited state of 29 keV energy and providing suf-
ficient resolution to resolve the closely-spaced doublet.
A corresponding detector system is currently under de-
velopment at the Kirchhoff-Institute for Physics in Hei-
delberg, Germany [65].
A different idea that does not depend on the direct de-
tection of the isomeric decay is to excite the isomeric
state via the IEB mechanism in a Coulomb crystal
of 229Th3+ ions. The isomer’s excitation can then be
probed via the hyperfine shift which is induced by a
different nuclear spin state and the isomeric energy can
be inferred to be close to the energy of the laser light
used to trigger the IEB process. Experiments along this
line were conducted at Georgia Tech, being the only
place where Coulomb crystals of 229Th3+ are available
[36]. No successful excitation of 229mTh has yet been
reported.
A further approach is investigated at storage rings. Here
it is the idea to use the process of nuclear excitation by
electron capture (NEEC), which is the inverse of the
IC process, to infer the isomeric properties. 229Th ions
are stored in a high-energy storage ring. When these
ions catch electrons that fulfill the resonance condition
(that the electron’s kinetic energy plus the binding en-
ergy after recombination equals the energy of the iso-
meric state), there is an enhanced probability to excite
229Th into its isomeric state [66]. By tuning the energy
of an electron beam and monitoring the number of re-
combinations by detecting the ions’ charge states, it is
possible to find the resonance and thus to determine
the isomeric energy. Experiments are in preparation at
GSI in Germany [67] and at the IMP in China [68].
An experimentally more complex proposal to deter-
mine the isomeric energy via optomechanically induced
transparency was recently proposed [69]. A correspond-
ing experiment can be expected to be technologically
challenging. It was also proposed to use the hyper-
fine structure of 229Th3+ in its nuclear ground state
to probe the isomer’s energy [70]. By today, no experi-
ments are known to us that follow these proposals.
5 Promising perspectives for future research
5.1 Steps towards a nuclear clock
There are a few steps left on the way towards the de-
velopment of a nuclear clock, these are: 1. The precise
determination of the 229mTh energy value, 2. The mea-
surement of the 229mTh hyperfine structure as a probe
for the nuclear excitation4, 3. Direct laser excitation of
229mTh in a Paul trap.
4 Addendum: This measurement has recently been per-
formed [71].
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It is foreseeable that the first and most important step
of a precise determination of the isomeric energy will
come to a conclusion within the next few years. Exper-
iments that will most likely succeed in this task are (1)
an IC-electron spectroscopy experiment, which is based
on the recent direct detection of the isomeric decay and
currently conducted in our group [58,60] and (2) an
indirect approach, applying a state-of-the-art metallic
magnetic microcalorimeter at the Kirchhoff Institute
in Heidelberg [64,65]. For the success of the direct ap-
proach using IC-electron spectroscopy it is important
to note that, opposed to a wide-spread assumption, this
concept is independent of the work function of the ma-
terial used for ion neutralization and can be applied for
a precise energy determination [60]. Both concepts can
therefore allow to constrain the energy to about 0.1 eV.
In a second step, a direct laser excitation scheme based
on conversion electronMo¨ssbauer spectroscopy (CEMS)
can be employed to ultimately pin down the isomeric
energy value to below 10−6 eV, which corresponds to
typical hyperfine energies in Mo¨ssbauer spectroscopy
[63]. Such an experiment would also provide the first
direct laser excitation of a nuclear transition and could
be used for the development of a CEMS-based solid-
state nuclear clock [27].
Experiments that are aiming for a measurement of the
hyperfine shift of 229mTh based on the different spins of
the nuclear ground and excited states are currently con-
ducted at the University of Jyva¨skyla¨, Finland [72], by
the PTB in Germany in collaboration with our group
and at the KU Leuven, Belgium. A successful experi-
ment would allow to employ the double-resonancemethod
proposed in Ref. [32] for a secure identification for the
isomer’s population in the nuclear clock concept5. The
recently observed unexpected short isomeric lifetime in
229Th1+ of below 10 ms is an important information
for such experiments, as it will most likely impose the
requirement to consider thorium ions of higher charge
state [59].
When combined, the results of these experiments will
pave the way for the direct laser excitation of 229mTh
ions in a Paul trap and in this way for the development
of a single-ion nuclear clock. Preparations are currently
ongoing in the US [36] in Russia [38] and in Germany
[37].
For the development of a solid-state nuclear clock based
on Mo¨ssbauer spectroscopy of 229Th as proposed in
Refs. [32,39], further challenges have to be solved. The
central problem here is that chemical conditions have
5 Addendum: A successful observation of the 229mTh hy-
perfine structure was reported in 2018 [71].
to be found that allow for a significant suppression of
the IC decay channel. While this should theoretically be
possible by using a material providing a band gap that
is larger than the isomeric energy as a host material,
experiments have so far failed to generate a secure sup-
pression of the IC decay channel and the isomeric state
was found to be extraordinary sensitive to any kind or
surface coupling [27]. For this reason it is currently not
clear if chemical conditions can be generated that will
allow for the development of a solid-state nuclear clock
based on the 229Th radiative decay. The development
of a solid-state nuclear clock which uses the IC decay
to probe the nuclear excitation (CEMS-based nuclear
clock) could provide an alternative.
A potentially promising way of future research could
also be to probe solid noble gases like frozen argon as a
type of host material. It is possible to probe the isomeric
IC lifetime on different substrates to test if a signifi-
cant lifetime prolongation can be achieved. This path
of research might be favorable compared to experiments
which rely on the observation of a potential radiative
decay channel. In order to give any result, the latter ex-
periments would require a suppression of the IC decay
channel by up to 9 orders of magnitude, which can be
considered as extremely challenging.
5.2 Prospects for a 229Th frequency standard
A 229Th nuclear clock is expected to outperform even
the best atomic-shell based clocks due to conceptual ad-
vantages [32,35]. An estimate of the total uncertainty
budget results in an expected value approaching 10−19,
which is by about an order of magnitude better than
the best atomic clocks currently in operation. At the
same time, a solid-state nuclear clock, although being
less accurate, could provide a very compact and robust
device for time measurement and thus being of signifi-
cant practical use.
However, one should expect that also the atomic clock
technology will continue to improve and both technolo-
gies may evolve towards some ultimate accuracy limit.
To give an example: Today’s most accurate clocks al-
ready allow to measure gravitational shifts that corre-
spond to a few centimeters difference in altitude due
to general relativistic effects. When pushing the limits
by further two orders of magnitude, gravitational shifts
in the sub-millimeter region would become measurable.
This distance is, however, shorter than the dimensions
of the atoms in an optical lattice clock, so that the
technology is approaching a limit. Further, any useful
comparison of two clocks would require the definition
of equal-time hypersurfaces around the globe. For these
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reasons, a future generation of ultra-precise clocks could
become sensitive devices for gravitational shift mea-
surements and geodesy instead of instruments of pure
time measurement [73]. Also more precise tests of gen-
eral relativity could be performed. The comparison of
a nuclear clock with an atomic clock could provide sig-
nificantly more stringent tests for potential time varia-
tions of fundamental constants [74]. Of course there is
the hope that 229Th will just be a first candidate for an
ultra-precise nuclear clock and that, with ever evolving
frequency-comb technology, a whole new generation of
clocks based on nuclear transitions could be developed.
5.3 Beyond the present limits
The limiting factor for the development of a broad va-
riety of nuclear clocks is the availability of frequency
combs in the x-ray region with energies of a few keV and
beyond. As the frequency-comb technology is a young
and developing field of research, one might expect that
at some point in the future the technology will be avail-
able to use nuclear excited states other than 229mTh
for time measurement. Current directions of research
are, e.g., high-harmonic generation [75] and x-ray pulse
shaping [76].
It is worth asking which nuclear transitions would be
good clock candidates, assuming that a future frequency-
comb providing up to 20 keV energy with reasonable
intensity would be available. For the development of a
single-ion nuclear clock, it would be possible to suppress
any IC decay branch by choosing a sufficiently high
charge state of the ion. This leads to a prolongation of
the isomeric lifetime and correspondingly to a linewidth
reduction. The expected stabilities of the single-ion nu-
clear clocks can be compared with the help of the Allan
deviation, which is given for the case of a quantum-
projection-noise (QPN) limited clock by Eq. (1). In re-
ality, further limitations due to different forms of noise
will occur, which will not be discussed here. We use
T = 1/(2π∆ν) as an estimate for the interrogation cy-
cle. In case that the nuclear transition has a lifetime
significantly longer than 1 s, the stability will not be
limited by the natural linewidth, but instead by the
laser used for interrogation. We take this into account
by assuming a natural linewidth of 1 Hz in these cases.
A list of potential candidates for a single-ion nuclear
clock is given in table 1. All nuclear isomeric states be-
low 20 keV excitation energy (for which sufficient data
is provided in the data base) are listed, in case that
a suppression of the IC decay channel would poten-
tially lead to a half-life prolongation into the ms region
or above. Only transitions providing a multipolarity of
L = 2 or smaller are listed, as otherwise no significant
laser-nucleus interaction can be expected in the given
energy range. The table is based on Ref. [77] and fur-
ther nuclear clock candidates may potentially exist, for
which not sufficient data is listed in the data base.
The limiting condition for driving Rabi oscillations can
be approximated as6 Ω ' max(Γtot, ΓL) with Ω the an-
gular Rabi frequency, Γtot = (1+αic)Γγ the total decay
rate of the transition, Γγ = ln(2)/t1/2(γ) the radiative
decay rate of the transition and ΓL the bandwidth of
the laser light used for nuclear excitation. Using the def-
inition of the Rabi frequency as Ω =
√
2πc2IΓγ/(~ω3)
one obtains the condition√
2πc2IΓγ
~ω3
' max(Γtot, ΓL), (2)
with I the laser intensity, For ΓL > Γtot this leads to
I '
~ω3Γ 2L
2πc2Γγ
. (3)
In case of Γtot > ΓL one obtains
I '
~ω3(1 + αic)
2Γγ
2πc2
. (4)
These equations were used to calculate the laser in-
tensities required to drive nuclear Rabi oscillations for
the case that a single mode of a frequency comb with
ΓL = 2π bandwidth was used for driving the transi-
tion. Note, that for all single-ion nuclear clocks it was
assumed that the IC decay branch is completely sup-
pressed (αic = 0), which can be considered as an ideal-
istic scenario, as even in case of successful suppression
of IC, bound internal conversion processes can be as-
sumed to be present.
For single-ion nuclear clocks, also nuclei of relatively
short half-lives can be taken into consideration, as the
number of required ions could be kept small and a Paul
trap could be frequently loaded. However, operating
a nuclear clock based on short-lived nuclei might re-
quire significant effort. For this reason the only candi-
dates, which might be practical for operation, would be
(except 229Th): 205Pb46+ (2.3 keV, 3 h, E2), 45Sc21+
(12.4 keV, 201 s, M2) and 73Ge30+ (13.3 keV, 3.3 ms,
E2).
For nuclear clocks based on Mo¨ssbauer spectroscopy the
discussion is slightly complicated by the fact that the
Ramsey interrogation scheme, which is the basis for
the derivation of the QPN limited Allan deviation in
Eq. (1), cannot be applied [40]. Instead, a fluorescence
6 Addendum: A factor four has been introduced as a cor-
rection compared to the previous version.
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Table 1 List of candidates for a single-ion nuclear clock with established parameters (based on Ref. [77]). From left to right
it is listed: (1) The energy of the excited state, (2) the nucleus together with the charge state required to suppress IC, (3) the
half-life of the nucleus in its ground state, (4) the multipolarity of the transition, (5) the excited state’s half-life under IC, (6)
the IC coefficient, (7) the expected half-life if IC is suppressed, (8) the quality factor of the corresponding resonator, (9) the
minimum laser intensity required to drive Rabi oscillations of the transition, (10) the Allan deviation (assuming for simplicity
limitation due to quantum projection noise and a minimum linewidth of 1 Hz that can effectively be used).
E [keV] Ion t1/2 gnd. Mult. t1/2(ic) αic t1/2(γ) Q(γ) I [W/cm
2] σy ·
√
τ
0.0078 229Th2+ 7932 y M1 7 µs 1 · 109 1.9 h 1.2 · 1020 1.2 · 10−2 2.1 · 10−16
2.3 205Pb46+ 1.7 · 107 y E2 24.2 µs 4.4 · 108 3.0 h 5.4 · 1022 4.8 · 105 7.2 · 10−19
4.5 219Rn58+ 3.96 s E2 15.4 ns 4.3 · 106 67 ms 6.5 · 1017 6.2 · 101 4.7 · 10−19
5.8 185Ir58+ 14.4 h E2 5 ns 1.2 · 106 6.1 ms 7.6 · 1016 1.5 · 103 1.2 · 10−18
6.5 129Cs45+ 32 h E2 72 ns 4.3 · 105 31 ms 4.4 · 1017 4.0 · 102 4.8 · 10−19
8.8 249Bk71+ 330 d M2 0.3 ms 3 · 106 15 min 1.7 · 1022 2.2 · 106 1.9 · 10−19
10.8 124Sb49+ 60.2 d M2 93 s 2.2 · 104 23.1 d 4.8 · 1025 9.6 · 109 1.4 · 10−19
12.4 45Sc21+ stable M2 318 ms 632 201 s 5.5 · 1021 1.4 · 106 1.3 · 10−19
13.3 73Ge30+ stable E2 2.9 µs 1120 3.3 ms 9.5 · 1016 3.2 · 104 7.2 · 10−19
16.3 182Ta67+ 114.7 d M2 283 ms 4.3 · 104 3.4 h 4.3 · 1023 1.9 · 108 1.0 · 10−19
18.2 67Ge32+ 18.9 min E2 13.7 µs 364 5 ms 2.0 · 1017 5.4 · 104 4.3 · 10−19
Table 2 List of candidates for a Mo¨ssbauer nuclear clock (based on Ref. [77]). From left to right it is listed: (1) The energy
of the excited state, (2) the nucleus, (3) the half-life of the nucleus in its ground state, (4) the multipolarity of the transition,
(5) the isomer’s half-life under IC, (6) the IC coefficient, (7) the quality factor of the corresponding resonator if IC is not
suppressed, (8) the number of excited nuclei per second for the considered irradiation scheme, (9) the expected Allan deviation
calculated based on Eq. (7).
E [keV] Nucleus t1/2 gnd. Mult. t1/2(ic) αic Q(ic) Nexc/s σy ·
√
τ
0.0078 229Th 7932 y M1 7 µs 1 · 109 1.2 · 1011 2.5 · 107 3.7 · 10−15
1.6 201Hg stable M1 81 ns 4.7 · 104 2.8 · 1011 6.2 · 104 3.1 · 10−14
2.3 205Pb 1.7 · 107 y E2 24 µs 4.4 · 108 1.2 · 1014 2.2 1.2 · 10−14
6.2 181Ta stable E1 6.1 µs 70.5 8.3 · 1013 7.1 · 105 3.2 · 10−17
8.4 169Tm stable M1 4.1 ns 263 7.5 · 1010 7.7 · 104 1.1 · 10−13
9.4 83Kr stable M1 157 ns 17.1 3.2 · 1012 8.0 · 105 7.7 · 10−16
9.8 187Os stable M1 2.4 ns 280 5.2 · 1010 4.5 · 104 2.0 · 10−13
10.6 137La 6 · 104 y M1 89 ns 117.6 2.1 · 1012 8.5 · 104 3.7 · 10−15
12.4 45Sc stable M2 318 ms 632 8.6 · 1018 9.9 · 103 2.6 · 10−21
13.3 73Ge stable E2 2.9 µs 1120 8.4 · 1013 4.6 · 103 3.9 · 10−16
14.4 57Fe stable M1 98 ns 8.6 3.1 · 1012 4.2 · 105 1.1 · 10−15
spectroscopy interrogation scheme has been proposed,
which, in the realistic limit of a short interrogation time
and for a weak laser field, results in a shot-noise limited
Allan deviation given as [40]
σy(τ) =
9
2
1
ωT
√
1
RNτ
. (5)
Here R denotes the nuclear excitation rate and all other
variables are defined as previously. We have assumed
that the decay rate of the coherences (see Ref. [40]) can
be approximated as Γtot/2. Further, the number of ef-
fectively detected decay events was set to be equal to
the number of excited nuclei. This corresponds to the
assumption of 100% detection efficiency and that the
detection is performed in the IC decay channel (being
the dominant decay channel for all transitions), thus
considering only nuclear clocks based on laser conversion-
electron Mo¨ssbauer spectroscopy (CEMS) [27]. In a lin-
ear approximation the excitation rate R is given as7
R =
2πc2IΓγ
~ω3ΓL
, (6)
Inserting this into the expression for the Allan deviation
leads to
σy(τ) ≈
√
~ωΓL
Ic2ΓγNT 2τ
. (7)
For the following comparison it is assumed that a num-
ber of N = 1014 nuclei located on an area of 1 mm2
is irradiated by a single mode of a frequency comb
of a bandwidth smaller or equal to the nuclear tran-
sition linewidth (ΓL = Γtot) and an intensity of I =
10−5 W/cm2. In this case the total number of excited
nuclei per second is estimated as Nexc ≈ RN/2. Only
7 Addendum: A factor of 2/pi has been introduced as a cor-
rection compared to the previous version.
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transitions with half-lives of longer than 1 ns are consid-
ered in an energy range of up to 20 keV, for which the
ground state is either stable or sufficiently long-lived
in order to handle the required quantity of material.
Further, only transitions with a multipolarity of L = 2
or smaller are considered, as higher multipolarities do
not allow for an efficient laser-nucleus coupling. The
resulting transitions are listed in Tab. 2, the 12.4 keV
transition of 45Sc provides the best estimated stability.
Rather surprisingly, even a CEMS nuclear clock based
on 229mTh could have the potential to provide very high
stability of σy
√
τ = 3.7 · 10−15 despite the IC-induced
line-broadening to 15.9 kHz. The CEMS-based nuclear
clock should not be confused with the crystal-lattice
nuclear clock based on 229Th as proposed in Refs. [32,
39], for which it is the concept to suppress the IC decay
channel.
It can be inferred, that an exciting new area of research
could open up in case that x-ray frequency combs will
become available in the future, potentially leading to
the development of a variety of different nuclear clocks.
Due to its extraordinary low excitation energy, 229mTh
will be the first candidate for the development of a nu-
clear clock for which all required technology is already
available by today.
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